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Generation of Functional Thymocytes
in the Human Adult
anti-retroviral therapy (HAART) to HIV-infected individu-
als, a rapid rise of CD41 lymphocytes is seen in the
peripheral blood (Ho et al., 1995; Wei et al., 1995). Much
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adults indicating de novo lymphopoiesis (Douek et al.,Reconstituting the immune response will be critical
1998). Together, these data suggest that the adult thy-for the survival of HIV-infected individuals once viral
mus retains some thymopoietic function and continuesload is brought under control. While the adult thymus
to produce naive, newly differentiated T cells for exportwas previously thought to be relatively inactive, new
to the periphery. However, previous studies did not de-data suggest it may play a role in T cell reconstitution.
termine whether these newly generated cells are func-We examined thymopoiesis in adults up to 56 years of
tional or whether they exhibit a full complement of TCRs.age and found active T cell receptor (TCR) rearrange-
To gain a greater understanding of the potential forment, generating a diverse TCR Vb repertoire. The
the adult thymus to reconstitute a depleted immuneresulting thymocytes are functional and are capable
system, we analyzed thymocytes from adults for thymo-of responding to costimulatory signals. These data
poietic differentiation markers, quantitative evidence ofdemonstrate that the adult thymus remains active late
TCR gene rearrangement, distribution of TCR Vb-chainin life and contributes functional T cells to the periph-
variable region (Vb) gene families, and for their abilityeral lymphoid pool.
to respond to costimulatory signals delivered through
the TCR (via CD3) and CD28. We observed that thymo-
cyte differentiation was maintained in adults up to 56Introduction
years of age (the oldest sample tested), and thymocytes
bore a wide array of TCR Vb gene families, comparableIt has been commonly thought that, following puberty,
to that seen in fetal thymi. Thymocytes from adults werethymic function declines with age and that by 18 years
also fully capable of responding to costimulatory sig-of age the periphery is already seeded with a full comple-
nals. We have also found that adult thymic stroma canment of antigen-reactive T lymphocytes (Simpson et al.,
support thymocyte viability in an in vitro organ culture1975). However, in the case of chronic T cell±depleting
system. Thus, the adult thymus retains the capacity todiseases such as HIV infection, continued thymic func-
orchestrate normal T lymphopoiesis at some level, evention would be desirable, as it would replace the loss of
late in life. These results suggest that strategies de-specific immune responses due to viral destruction of
signed to increase the functional capacity of the adultCD41 cells. Following administration of highly active
thymus might be beneficial for reconstitution of T
lymphoid immunity following bone marrow or stem cell
transplantation or for the treatment of chronic T cell±7 To whom correspondence should be addressed (e-mail: bjamieso@
ucla.edu). depleting diseases such as AIDS.
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donors (#5) also received steroid treatment while on lifeTable 1. Characterization of Adult and Fetal Thymi
support, which may have contributed to this phenotype.
Thymus# Age CD41CD81 CD41 CD81 TREC Depletion of immature cells after injury is further sup-
Fetal 0 85 11 4 41,700 ported by the fact that other thymopoietic markers such
Fetal 0 82 10 6 21,300 as CD62L and CD1 were apparent on cells from these
1* 23 86 10 3 ND donors (#5, 8, 9, and 13), despite low levels of CD41/
2* 23 70 20 6 ND CD81 cells. A similar diminution of immature CD41/CD81
3 23 65 22 10 36,200
thymocytes was observed in a thymus from a 13-year-4 25 ND ND ND 13,500
old after traumatic injury (data not shown). In contrast,5 33 35 38 17 47,600
6 33 88 8 3 23,600 three adult (#1, 2, and 14) and one pediatric thymus
7 36 76 13 8 ND (also 13 years of age) (data not shown) obtained from
8 36 15 46 34 ND individuals undergoing corrective cardiac surgery dem-
9 37 2 40 27 12,400 onstrated normal subset distribution. This normal distri-
10 43 ND ND ND 16,500
bution was observed despite the more advanced age11 48 48 30 13 15,532
of donor #14 (56 years).12 52 79 13 6 41,600
13 54 22 47 19 ND All thymus samples also expressed relatively high lev-
14* 56 69 15 9 58,000 els of the early activation marker, CD69 (Figure 1B),
which is characteristic of thymocytes undergoing posi-Thymus specimens were analyzed by immunofluorescent staining
tive selection (Vanhecke et al., 1997). CD69 expressionand flow cytometry for the distribution of immature CD4/CD8 dou-
ble-positive and mature CD4 and CD8 single-positive thymocytes. was highest in thymi obtained after trauma, which exhib-
Subset distribution is indicated for each sample as percentage of ited relative loss of double-positive thymocytes. This
live cells staining positive. The age of each donor is indicated in may reflect enrichment of a more mature CD691 popula-
years. Donors marked with an asterisk were obtained by elective
tion. Alternatively, an influx of activated peripheral cellscardiac surgery. All other adult thymus specimens were obtained
may contribute to this phenotype (Haynes and Hale,after traumatic injury. TREC indicates the number of T cell receptor
1998). However, since the levels of TRECs were high inrearrangement circles per microgram of DNA (see Figure 3). ND
indicates not done. these samples, contribution of CD69 expression due to
peripheral cells is likely to be minimal.
In addition, adult thymocytes expressed low levels of
the activation molecule, CD25 (IL-2 receptor a-chain),Results
that were similar to the levels observed in fetal thymo-
cytes (Figure 1B), further supporting the concept of on-Subset Distribution of Adult Thymocytes
going thymopoiesis in adults and suggesting that adultIf adult thymi actively support thymopoiesis, they should
thymocytes respond appropriately to differentiation/maintain thymocyte subsets that span the range of mat-
regulatory signals within the thymus.uration and differentiation stages typically seen during
T lymphopoiesis. To determine whether the adult thymic
Contribution of Adult Thymic Stromaenvironment retains the ability to induce thymocyte dif-
to Thymopoiesisferentiation, adult thymocytes were analyzed for their
Although lymphocytic thymic tissue has been observedcell surface antigens by flow cytometry. Table 1 indi-
in individuals up to 107 years of age (Steinman et al.,cates the ages and CD4 versus CD8 subset distribution
1985), the capacity of adult human thymic stroma toof the 14 adult thymi employed in our studies. Figure 1A
support thymopoiesis has not been widely investigated.demonstrates that the subset distribution of immature
To examine the contribution of adult thymic stroma to(CD41/CD81, CD11, and CD3dim) and mature thymocytes
thymopoiesis, adult thymocytes were cultured in the(CD41, CD81, CD51, and CD3bright) in two of the oldest
presence (raft cultures) or absence (suspension cul-adult thymi tested (52 and 56 years of age) were similar
tures) of adult thymic stroma, as described in the Experi-to that observed in fetal thymi, suggesting that these
mental Procedures. As shown in Figure 2, the presenceadult thymi were actively engaged in thymopoiesis. The
of thymic stroma in the cultures resulted in enhancedexpression of multiple differentiation molecules is dis-
thymocyte survival and improved retention of normalplayed in Figure 1B for the 12 phenotyped adult thymi
thymocyte subset distribution. Although it is not yetand two fetal thymus specimens. The percentages of
clear whether active differentiation of thymocytes oc-immature (CD41/CD81, CD11) and mature (CD12/CD51,
curred in the raft cultures, these data demonstrate thatCD41, CD81 and CD62L1) thymocytes seen in the major-
the adult thymic stroma is providing signals required fority of adult thymi were similar to the percentages ob-
thymocyte survival.served in fetal thymi. The presence of thymocytes at
various stages of maturation and differentiation sup-
ports the conclusion that thymopoiesis is ongoing in the T Cell Receptor Rearrangement
in the Adult Thymusadult thymus.
Adult thymus specimens were obtained from organ We have previously established that cells in the periph-
eral blood bearing evidence of recent TCR rearrange-donors following trauma or from individuals undergoing
elective cardiac surgery. Four of nine specimens ob- ment in the form of T cell receptor excision circles
(TRECs) decline with age (Douek et al., 1998). To deter-tained from individuals with traumatic brain death (#5,
8, 9, and 13) contained low levels of immature CD41/ mine whether this was associated with a decline in TCR
rearrangement on a per-cell basis in the adult thymus,CD81 cells (below 40%) (Table 1; Figure 1B). It is known
that trauma can induce depletion of immature thymo- thymocytes and peripheral blood CD41 T cells were
analyzed by polymerase chain reaction (PCR) for thecytes (George and Ritter, 1996). In addition, one of these
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Figure 1. Analysis of Thymocyte Subset Dis-
tribution
(A) Thymus specimens were assessed by flow
cytometry for the indicated surface antigens.
In this figure, a fetal thymus sample is com-
pared with two of the oldest adult thymi, do-
nors #12 and 14. Quadrants were set based
on isotype control mAbs. The percentages of
cells residing in the relevant quadrants are
indicated. Samples were not analyzed simul-
taneously, so cursor positions vary between
donors. Data from all donors are summarized
in (B).
(B) Thymocytes from 12 adult and two fetal
thymi were assessed by flow cytometry for
the indicated surface antigens. Each symbol
represents one donor. (Circles, fetal thymo-
cytes; diamonds, adult thymocytes; filled dia-
monds, thymus samples obtained by elective
cardiac surgery; open diamonds, thymus sam-
ples obtained after traumatic injury.)
presence of TRECs (Douek et al., 1998). As shown in T cells capable of recognizing a broad range of antigens.
To determine whether the adult human thymus gener-Figure 3, levels of TRECs in fetal thymocytes were higher
than in cord blood lymphocytes and remained high until ates a diverse T cell receptor Vb repertoire, thymocytes
from four adults were costained with monoclonal anti-the latest time point at age 56. No statistically signifi-
cant decline in TRECs per microgram of thymocyte DNA bodies (mAbs) to 21 different Vb gene families, as well
as to both CD4 and CD8 (Figure 4). For comparison,was observed with increasing age (p 5 0.48). Thus, de-
spite the known age-related decrease in overall thymic three fetal thymi were also analyzed. The Vb distribution
of adult thymocytes was similar to the Vb distributionlymphoid components (Steinman et al., 1985; Steinman,
1986), adult thymocytes continue to undergo TCR re- seen in the three fetal thymi, suggesting that the adult
thymus supports a diverse T cell receptor repertoire,arrangement at levels similar to those of fetal thymo-
cytes on a per-thymocyte basis. In contrast, the levels of generating T cells that should be capable of recognizing
a vast array of antigens.TRECs in peripheral CD41 T cells, while high in infancy,
began to decline after approximately 20 years of age.
While the levels of TRECs declined with advancing age, Adult Thymocyte Response to Costimulation
TRECs were still detectable in peripheral CD41 T cells To be fully functional, newly exported T cells must not
at 78 years of age, consistent with the interpretation only recognize a broad range of antigens but must also
that the adult thymus is not completely quiescent, even be able to respond to antigenic stimulation. To test the
very late in adult life, and continues to export cells to responsiveness of adult thymocytes to TCR-mediated
the periphery. activation signals, single-cell suspensions from six adult
thymi, ranging in age from 23 to 54 years of age, were
stimulated simultaneously with both anti-CD3 and anti-Diversity of the Vb Repertoire in Adult Thymocytes
If newly formed adult T cells are to be effective in periph- CD28 and monitored for the expression of the activation
molecules, CD69 and CD25. Thymocytes from all donorseral immune responses, the adult thymus must generate
Immunity
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Figure 2. In Vitro Thymocyte Culture
Thymus #1 was cultured for 6 days either as
single-cell suspensions (ªsuspensionº) or as
organ cultures on rafts (ªraftsº), as described
in the Experimental Procedures. On days 0
and 6, single-cell suspensions were assessed
for viability by forward and side scatter. The
R1 region contains the live cells, and the per-
centage of live cells is indicated in each plot.
Each sample was also assessed by flow cy-
tometry for expression of CD4 and CD8, with
the percentage of each subset indicated. Ap-
proximately 103 cells are shown for each plot.
demonstrated an increased number of cells expressing capable of responding appropriately to costimulatory
signals, suggesting that adult thymi support develop-activation markers (Figure 5; Table 2), as well as in-
creases in fluorescence intensity of these markers (Fig- ment of functional T cells.
ure 5; data not shown) after stimulation. In control exper-
iments, stimulation with either anti-CD3 or anti-CD28
Discussion
alone did not result in thymocyte activation (data not
shown). In addition, costimulated cells showed increased
The data presented suggest that the adult thymus is
viability compared to unstimulated cells cultured in par-
actively engaged in thymopoiesis, generating new T
allel (data not shown). Therefore, adult thymocytes are
cells potentially capable of recognizing and responding
to a wide variety of antigenic stimuli. These data also
demonstrate that the adult thymus continues to contrib-
ute naive T cells to the peripheral lymphocyte pool until
late in life.
As evidenced by the presence of thymocytes at all
stages of maturation, our results suggest that thymo-
poiesis is ongoing in the adult thymus, as these subsets
would not be expected to passively reside in the thymus
up to age 56. In addition, when thymus tissue from adult
donor #1 (23 years of age) was subjected to organ cul-
ture, increased survival of thymocytes was observed,
compared to thymocytes cultured in parallel in the ab-
sence of thymic stroma (Figure 2). This is similar to the
results obtained with other adult (data not shown) and
fetal thymi (Rosenzweig et al., 1994; Bonyhadi et al.,
1995; data not shown). Collectively, our studies demon-
Figure 3. Differential Levels of TRECs in Adult Thymocytes and Pe-
strate that the adult thymic stroma is capable of support-ripheral CD41 T Cells
ing thymopoiesis long past puberty.
Thymocytes (solid diamonds) and purified peripheral blood CD41 T
We have also noted that on a per-cell basis, the levelscells (open circles) from donors of the indicated ages were assayed
of TCR rearrangements in adult thymocytes appear toby quantitative PCR for the levels of sj TRECs. CD41 T cells and
thymocytes were not obtained from the same individuals. Each sym- be equivalent to those seen in the thymocytes of fetuses
bol represents an individual sample. Values determined for sj TRECs or newborns. The cells giving rise to these TRECs could
in thymus samples may be artificially low compared to values for not have arisen in the periphery with subsequent migra-
CD41 cells, as PCR was performed on total nucleic acid from thymo- tion to the thymus, as the levels of TRECs are much
cytes while PCR was performed on purified DNA of peripheral CD41
higher in thymocytes than in the lymphocytes from pe-cells. The majority of the TRECs values from the peripheral CD41
ripheral blood (Figure 3) or lymph nodes and are dimin-T cells shown in Figure 2 were previously reported (Douek et al.,
1998). ished in the periphery of thymectomized individuals
Thymopoiesis in the Human Adult
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Figure 4. Diversity of the Vb Repertoire in
Adult Thymocytes
Single-cell suspensions from four adults (do-
nors #6, 8, 9, and 12) and three fetal thymi
were stained for 21 different Vb families, as
indicated. Percentage of cells staining posi-
tive for the indicated Vb in the CD4/CD8 dou-
ble-positive and CD4 or CD8 single-positive
subsets are shown. The boxes show the
range of cells staining positively in each
group. The bottom, middle, and top bars of
each box represent the 25th, 50th (median),
and 75th percentiles of the range, respec-
tively. Due to the paucity of CD4/CD8 double-
positive cells from donor #9, data from the
CD4/CD8 subset for this donor are not in-
cluded. TCR Vb repertoire data were sub-
jected to a nonparametric statistical analysis,
using the Wilcoxon signed-rank test. Differ-
ences between the mean subset values for
adult and fetal thymi were not found to be
statistically significant (p . 0.05 for all cases).
(Douek et al., 1998). However, with increasing age, thy- which is known to cause depletion of immature thymo-
cytes (reviewed by George and Ritter, 1996). The levelsmic lymphocytic mass decreases (reviewed by Steinman,
1986), and thymocyte production per gram of tissue of TRECs were high in all four thymi that demonstrated
diminished CD41/CD81 thymocytes, indicating that thedeclines (Bertho et al., 1997; Marusic et al., 1998). This
decline in thymocyte production results in a decrease remaining mature cells in these apparently depleted
thymi had recently undergone TCR rearrangement.in total thymocyte export with increasing age, as re-
flected by the gradual decline of TRECs in the peripheral We noted a wide array of TCR Vb gene families ex-
pressed on immature and mature thymocytes fromblood. It has recently been established that, in chickens,
TRECs are indicative of recent thymic emigrants with a adults, similar to that seen on fetal thymocytes (Figure
4) or on thymocytes residing in fetal thymic implants inhalf-life of 2 weeks (Kong et al., 1998, 1999), supporting
our conclusion that the observed decline in TRECs re- SCID-hu mice (data not shown). This suggests that aging
does not lead to major gaps in the TCR repertoire at theflects a decrease with age in thymic export. Thus, our
data are consistent with the scenario of a shrinking yet level of the thymus. Adult thymocytes also responded to
stimulatory signals by expression of CD25, increasedfunctionally active organ.
In several of the adult thymi tested, the relative per- expression of the activation molecule, CD69, and in-
creased viability, indicating that the TCRs and the CD28centage of immature thymocytes was low. In these par-
ticular samples, this most likely reflects the loss of imma- costimulatory receptor expressed on these cells were
functional. Thus, recent thymic emigrants observed inture cells due to stress as the result of traumatic injury,
Figure 5. Response to Costimulation
Thymocytes from donor #6 were cultured in
medium alone (ªunstimulatedº) or in the pres-
ence of anti-CD3 and anti-CD28 mAbs (ªstim-
ulatedº) for 3 days. The response to costimu-
lation was assayed by CD25 and CD69
expression, as determined by flow cytometry
on day 3. The M2 gate represents staining
above that of the isotype control mAbs. Per-
centages of cells in the M2 gate are indicated
at the upper right of each panel. Data from
all samples tested are provided in Table 2.
Immunity
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Table 2. Summary of Adult Thymocyte Responses to Costimulation
CD25 CD69
Thymus # Age Unstimulated Stimulated Unstimulated Stimulated
Fetal 0 8 74 10 86
SCID-hu 0 1 47 18 93
1 23 2 80 22 67
3 23 1 49 20 57
5 33 9 96 49 96
6 33 2 46 17 80
9 37 ,1 62 7 75
13 54 ND ND 29 67
Thymocytes from six adult thymi are compared to cells derived from one fetal thymus and one human fetal thymus implant obtained from a
SCID-hu mouse 9 months post implantation. Thymocytes were cultured as described in the legend to Figure 5. All thymocytes were cultured
for 3 days except for those thymocytes from donor #5, which were cultured for 5 days. The values shown are the percentage of cells that fall
within the M2 gate, as shown in Figure 5.
Experimental Proceduresthe peripheral blood of adults (Figure 3; Douek et al.,
1998) should have the capacity to respond to a wide
Thymus Tissuevariety of antigens. With complete suppression of virus
Fetal thymus was purchased from Advanced Bioscience Resources.
replication in HIV-infected individuals, continued thymic Pediatric and adult thymic tissues were obtained either from individ-
export might eventually allow functional restoration of uals undergoing corrective cardiac surgery (donors #1, 2, and 14
and one 13-year old pediatric sample) or from individuals donatingthe immune system following therapy.
organs for transplantation following brain death. All studies per-Our results are not inconsistent with the competent
formed were approved by the UCLA Human Subjects Protectionimmune status of previously thymectomized adults, as
Committee. For the purposes of this study, ªadultº was defined asthese individuals most likely possess enough peripheral
23 years of age or older. For preparation of single-cell suspensions,
T cells of sufficient diversity to expand under antigenic fat was trimmed and the remaining lymphoid tissue was teased
pressure and maintain adequate immune responses. apart to release thymocytes.
However, individuals with peripheral T cell depletion
brought on by chemotherapy or HIV infection must re- Flow Cytometry
Single-cell thymocyte suspensions were either collected fromplenish the peripheral T cell pool, and our data suggest
costimulation cultures or prepared from thymic tissue specimens.that continued thymopoiesis contributes to this process.
Cells were washed once in phosphate-buffered saline (PBS), andHowever, increases in naive cells in HAART-treated indi-
106 cells were then costained with combinations of two or three
viduals who had been previously thymectomized sug- monoclonal antibodies directed against CD3, CD4, CD8, CD69, CD25,
gest that either naive cells can replicate in the periphery CD62L, CD1a, or CD5 (Becton-Dickinson). These antibodies were
or that an extra thymic site of thymopoiesis may also directly conjugated to phycoerythrin (PE), fluorescein isothiocyanate
(FITC), or biotin. Streptavidin-Tricolor (T. C.) (Caltag) was used asbe involved (Haynes et al., 1999).
a second-step reagent for biotin-conjugated mAbs. Mouse immuno-While HIV infects the thymus and induces CD41 cell
globulin G1 (IgG1) conjugated with phycoerythrin, fluorescein iso-depletion in this organ (Joshi et al., 1986; Rosenzweig
thiocyanate, or biotin was used as an antibody isotype control. Red
et al., 1993; Calabro et al., 1995), it is unlikely that this blood cells were lysed with FACS Lysing Solution (Becton-Dickin-
infection would exert irreversible damage to overall thy- son) and cells were then fixed in 2% paraformaldehyde. Ten- to
mopoiesis. Using the SCID-hu mouse model, we pre- twenty-thousand events were acquired on a FACScan Flow Cyto-
meter (Becton-Dickinson Immunocytometry Systems) and the dataviously documented that triple drug therapy of HIV-
analyzed using CELLQuest software (Becton-Dickinson). Debris andinfected fetal thymi resulted in a renewal of thymopoiesis
dead cells were excluded from analysis by setting a gate on the liveand a reemergence of the previously depleted CD41
population, as determined by forward versus side scatter.
subsets (Withers-Ward et al., 1997). In addition, our re-
cent report documenting an increase in TRECs-positive
In Vitro Thymocyte Culture Systems
cells in the periphery of HIV-infected individuals under- Thymocytes were cultured either as single-cell suspensions (sus-
going HAART (Douek et al., 1998) suggests that the adult pension culture) or as thymus fragments (raft culture). For suspen-
thymus also retains the ability to renew thymopoiesis, sion cultures, 107 cells were cultured in 4 ml of RPMI 1640 supple-
mented with 10% fetal calf serum, 100 U penicillin per ml, 100 mgdespite previous exposure to HIV. However, it remains
of streptomycin per ml, and 2 mM glutamine in 6-well tissue cultureto be determined whether exposure to HIV antigens in
plates (Fisher). Raft cultures were established using protocolsthe thymus results in a permanent loss of reactivity to
adapted from previously described methods (Rosenzweig et al.,
these proteins by recent thymic emigrants, due to cen- 1994; Bonyhadi et al., 1995). In brief, thymus tissue was cut into z1
tral tolerance. mm3 pieces. Six pieces were placed on top of MSI MicroconSep
In vitro culture systems and the SCID-hu mouse model nitrocellulose disc filters (Fisher) draped over Gelfoam (Upjohn),
which in turn floated in 3 ml of RPMI 1640, as described above. Allmay be useful for screening cytokines or thymic hor-
cultures were fed each day with a medium exchange of 2 ml.mones for the ability to increase the functional capacity
of the adult thymic stroma. If agents that increase this
Costimulationcapacity could be found, their use may allow a more
Cells were cultured in RPMI 1640 supplemented with 10% fetal calfrapid or complete immune reconstitution. This would be
serum, 100 U/ml penicillin, 100 mg streptomycin per ml, and 2 mM
a valuable adjunctive regimen following bone marrow glutamine. For costimulation, cells were incubated for 3 to 5 days
or stem cell transplantation or during anti-retroviral with 1 mg anti-CD3 monoclonal antibody (Ortho Diagnostic System)
immobilized on goat anti-mouse (Fisher)-coated plates and 1 mgtreatment for HIV infection.
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anti-CD28 (PharMingen). Unstimulated cells were cultured in parallel J.L., et al. (1998). Changes in thymic function with age and during
in medium alone. the treatment of HIV infection. Nature 396, 690±695.
George, A.J.T., and Ritter, M.A. (1996). Thymic involution with age-
Purification of CD41 Cells ing: obsolescence or good housekeeping? Immunol. Today 17,
Peripheral blood mononuclear cells (PBMC) were sorted using 267±272.
MACS CD41 magnetic microbeads and positive selection columns
Haynes, B.F., and Hale, L.P. (1998). The human thymus. Immunol.
(Miltenyi Biotech), as previously described (Douek et al., 1998). The
Res. 18/3, 175±192.
CD41 cells were sorted to a purity of greater than 80%, as deter-
Haynes, B.F., Hale, L.P., Weinhold, K.J., Patel, D.D., Liao, H.-X.,mined by flow cytometry (data not shown).
Bressler, P.B., Jones, D.M., Demarest, J.F., Gebhard-Mitchell, K.,
Haase, A.T., et al. (1999). Analysis of the adult thymus in reconstitu-Quantitative Polymerase Chain Reaction
tion of T lymphocytes in HIV-1 infection. J. Clin. Invest. 103, 453±460.Thymocytes were lysed in urea lysis buffer as previously described
(Jamieson et al., 1997) and then subjected to phenol-chloroform Ho, D.D., Neumann, A.U., Perelson, A.S., Chen, W., Leonard, J.M.,
extraction and ethanol precipitation to isolate total nucleic acids. and Markowitz, M. (1995). Rapid turnover of plasma virions and CD4
DNA was extracted from the purified CD41 cells using Trizol (Gibco) lymphocytes in HIV-1 infection. Nature 373, 123±126.
as previously described (Douek et al., 1998). Quantitative polymer- Jamieson, B.D., Uittenbogaart, C.H., Schmid, I., and Zack, J.A.
ase chain reaction was then performed using primers for sj TRECs, (1997). High viral burden and rapid CD41 cell depletion in HIV-
as previously described (Douek et al., 1998). 1-infected SCID-hu mice suggest direct viral killing. J. Virol. 71,
8245±8253.
T Cell Receptor Vb Distribution
Joshi, V.V., Oleske, J.M., Saad, S., Gadol, C., Conner, E., Bobila, R.,
To determine the diversity of the TCR repertoire, a panel of antibod-
and Minnefor, A.B. (1986). Thymus biopsy in children with acquired
ies that has been demonstrated to cover approximately 50%±60%
immunodeficiency syndrome. Arch. Pathol. Lab. Med. 110, 837±842.of TCR Vb chains (S. K., L. H., and J. V. G., unpublished data) was
Kong, F.-k., Chen, C.-l., and Cooper, M.D. (1998). Thymic functionused. Antibodies specific for the following Vb gene products were
can be accurately monitored by the level of recent T cell emigrantsconjugated with either FITC or PE: Vb1, 2, 5.1, 7.1, 8, 9, 11, 12, 13.1,
in the circulation. Immunity 8, 97±104.13.6, 14, 16, 17, 18, 20, 20.3, 22, and 23 (obtained from Coulter/
Immunotech), V3, 5.2/5.3 (PharMingen), and Vb5.1, 6.7 (Endogen). Kong, F.-k., Chen, C.-l., Six, A., Hockett, R.D., and Cooper, M.D.
Vb13.2 was generously donated by P. Marrack and then FITC conju- (1999). T cell receptor gene deletion circles identify recent thymic
gated by Sierra Lab Logistics. Antibodies specific for CD4 (allophy- emigrants in the peripheral T cell pool. Proc. Natl. Acad. Sci. USA
cocyanin) and CD8 (peridinin chlorophyll protein) were used to dis- 96, 1536±1540.
tinguish CD4/CD8 double-positive immature and CD4 and CD8 Marusic, M., Turkalj-Kljajic, M., Petrovecki, M., Uzarevic, B., Rudolf,
single-positive mature thymocytes. Live thymocytes were consid- M., Batinic, D., Ugljen, R., Anic, D., Cavar, Z., Jelic, I., et al. (1998).
ered positive for a given Vb if staining was greater than that seen Indirect demonstration of the lifetime function of human thymus.
when using isotype control mAbs. The average percentage of cells Clin. Exp. Immunol. 111, 450±456.
staining positive with any of the Vb mAbs was 42% of double-
McCune, J.M., Loftus, R, Schmidt, D.K., Carroll, P., Webster, D.,positive thymocytes and 53%±65% of single-positive cells. 7-amino-
Swor-Yim, L.B., Francis, I.R., Gross, B.H., and Grant, R.M. (1998).actinomycin D was used to discriminate live cell populations. Data
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